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We have designed, built and successfully fielded a highly-efficient and gated Mono Angle Crystal Spectrometer
(MACS) for x-ray Thomson scattering (XRTS) measurements on the National Ignition Facility (NIF). It
utilizes a curved Bragg crystal based on Highly Oriented Pyrolytic Graphite (HOPG). Its spectral range of
7.4-10 keV is optimized for scattering experiments using a Zn He-α x-ray probe at 9.0 keV or Mo line emission
around 18 keV in second diffraction order. The spectrometer has been designed as a DIM-based instrument
for the NIF target chamber at the Lawrence Livermore National Laboratory, USA. Here we report on details
of the spectrometer snout, its novel debris shield configuration and an in-situ spectral calibration experiment
with a Brass foil target.

I. INTRODUCTION

Accurate characterization of warm and hot dense mat-
ter is important for high energy density physics exper-
iments that aim at advancing our understanding of, for
example, inertial confinement fusion 1,2 and astrophysical
objects3. For example, the capability to measure electron
temperature and density in dense matter provides key ob-
servables that allow validation of radiation hydrodynamic
codes. X–ray Thomson scattering (XRTS) has been de-
veloped to accurately measure these plasma parameters
at and above solid density in a series of experiments
on the Omega laser at the Laboratory for Laser Ener-
getics in Rochester, NY.4 While most experiments used
directly-driven planar foils5, first experiments demon-
strated XRTS from spherical shell targets2 that took ad-
vantage of convergence effects to demonstrate characteri-
zation of electron densities as high as ne = 2 × 1024 cm−3

with x-ray Thomson scattering2.
Within the fundamental science program at the Na-

tional Ignition Facility (NIF) at the Lawrence Livermore
National Laboratory (LLNL) a series of equation-of-state
(EOS) experiments was proposed to explore matter at ex-
treme pressures that approach and exceed 1 Gbar6, and
to utilize XRTS as a temperature diagnostic at these
extreme conditions. At sufficiently large x-ray photon
energies and scattering angles XRTS is probing the re-
sponse of individual electrons, and the shape of the in-
elastically down-scattered Compton profile reflects their
velocity distribution in the plasma.4 At the densities ex-
pected in these EOS experiments the plasma conditions

a)Contributed paper published as part of the Proceedings of the
20th Topical Conference on High-Temperature Plasma Diagnostics,
Atlanta, Georgia, June, 2014.

become degenerate when the temperature exceeds 100
eV, and the width of the Compton profile allows to in-
ferring the electron temperature. Details of the experi-
mental platform including the scattering geometry7 and
additional design consideration8 are reported elsewhere.
Here we focus on the details of the XRTS spectrometer
and its performance qualification.

A. MACS Spectrometer Design

It turns out, that the Zn He-α x-ray line at 9.0 keV is
sufficiently high in photon energy to propagate through
≈ 1 mm of 4x compressed CH plastic as created in the
NIF Gbar EOS experiments, for further details cf. Ref.8.
Therefore, the design of the Mono Angle Crystal Spec-
trometer (MACS) is based on successful measurements
with the Zn Spectrometer ZSPEC at the Omega laser.5.
Fig. 1 shows details of the spectrometer design. In order
to achieve high collection efficiency we use (i) highly ori-
ented pyrolytic graphite (HOPG) as the Bragg crystal,
which has the highest known integrated reflectivity on or-
der of 5 mrad at 9 keV9–11, and (ii) use a curved crystal in
a von–Hámos type geometry12 that focuses the x-ray sig-
nal in the non-dispersive direction. An additional feature
of this geometry combined with proper shielding at the
target is the ability to spatially discriminating undesired
background signals7. The geometrical dimensions are de-
termined by the constraints imposed by the dimensions of
the NIF diagnostic instrument manipulators (DIMs) and
the necessity to avoid interference with the NIF beams
assuming the snout will be fielded in the polar DIM, and
at the same time moving the crystal as far away from
the aim point as possible to improve spectral resolution.
As a result, we are using a 30 mm wide by 70 mm long
HOPG crystal that has a radius of curvature (ROC) of
54 mm. As the energy that is reflected from the center
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FIG. 1. a) Schematic geometry of Mono-Angle Crystal Spectrometer (MACS). b) CAD model of the MACS snout with one
side removed to make the 20 mm HeavyMet shield visible. c) Simulated spatial signal envelope of x-rays focused to strip 2 of
a 4-strip gated MCP detector as viewed from the back side of the snout with azimuthal chamber coordinates indicated.

of the crystal as shown in Fig. 1a we chose 8.6 keV. To
satisfy the Bragg condition

nλ = n
hc

Eo
= 2d sin θB , (1)

where n is the diffraction order, h is Planck’s constant, c
is the speed of light, λ is the x-ray wavelength, and 2d =
0.67 nm the HOPG lattice spacing, the corresponding
central Bragg angle θB is 12.4◦. In order fulfill the mosaic
focussing condition for best spectral resolution (source
to crystal equals crystal to detector), the distance from
source to the center of the crystal is 251 mm, and the
direct distance from the source to the detector to be 490
mm. The crystal substrate is made out of aluminum, and
was machined at LLNL with high quality surface finish to
the described curvature. A 300 µm thick HOPG coating
layer was applied by Optigraph (Berlin). The mosaicity
of the crystal is quoted to meet γ ≤0.8◦. The dispersion
follows directly from the geometry11, and is calculated to
be 76 eV/ mm at 8.6 keV.

To avoid interference with neighboring NIF beams the
symmetry axis of the spectrometer is tilted by 2.3◦ with
respect to the DIM axis, reducing the crystal stand–off
to 10.0◦ . Therefore, in order to correctly align the spec-
trometer, the whole DIM cart holding the gated detector
needs to be offset by 21.2 mm from the DIM symmetry
axis. The alignment is controlled by standard alignment
fiducials in the front of the snout (cf. Fig 1a). The front
edge of this feature is aligned at 130.3 mm from the aim
point. A new debris shield configuration was developed
and tested for this particular which is unique from other
snouts in that it has a large open aperture on order of 30
mm x 15 mm. We are fielding a 25 um (??) thin Kapton
pre-filter at an angle of x ◦ with respect to the central x-
rays, which is tasked to absorb the soft x-ray load. This
pre-filter is tilted such that its normal does not intersect
the main front filter. The main blast shield is built out of
700 um polycarbonate, and is supported by a line array
of 2 mm wide aluminum bars. The blast shield support
structure, shadowing some parts of the HOPG crystal,
reduces its effective width to ca. 22 (??)mm. The an-
gle between the the normal of the polycarbonate foil and

the central x-ray beams is 22.5◦, increasing its effective
thickness to 758 µm. Another feature of this snout is the
ca. 40 mm thick tantalum block to shield the detector
from super hard x-rays (> 50 keV) generated by laser
plasma interactions in the hohlraum13.

II. MACS CALIBRATION EXPERIMENT N130322

For performance qualification we have completed a cal-
ibration experiment inside the NIF target chamber (shot
N130322-001-999). For this purpose we irradiated a 3
mm square, 12 µm thick brass foil (alloy consisting of
68.5-71.5% Cu, 28.4-31.1%, < 0.1% Pb and Fe) with a
15 TW 1 ns-square pulse produced by 2 quads, Q46T and
Q46B. Taking incident angles into account, the standard
phase plates produced an elliptical spot size of 1.10 mm ×
0.83 mm, which yielded an intensity of 2.1×1016 W/cm2.
The spectrometer has a direct view of the driven side of
the brass foil, which is vertical in the target chamber
with its normal aligned along the dispersion axis of the
spectrometer (φ = 135◦) to minimize the apparent laser
spot size to 145 um. For signal detection we use a four
strip micro channel plate detector which is fiber optically
coupled to a CCD. All strips were co-timed with the cen-
ter of the strip at 0.62 ns after the start of the laser
drive. The integration time is 100 ps, and the strip tran-
sit time is 200 ps with the high energy (10 keV) x-rays
recorded later than the lower energy side of the spectrum
(7.5 keV). To reduce the photon flux at the detector, we
added 889 µm aluminum in addition to the standard plas-
tic filtering. Fig. 2 shows the raw data recorded by the
MACS spectrometer on N130322. One can clearly ob-
serve line emission from Cu and Zn K-shell transitions on
top of a continuum background. The latter is from ther-
mal emission in second diffraction order which becomes
comparable to the line emission due to the strong Al fil-
tering (9.5×10−5 transmission at 8.6 keV). The second
order continuum also shows the typical spatial defocusing
away from the center energy which is due to the detector
position vertical to the symmetry axis. At 8.6 keV the
x-rays are collimated to a best focus of 2.7 mm. Assum-
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ing 1.1 mm spot size in the non-dispersive direction, and
considering that the focal spot size increase with HOPG
mosaicity γ as dfoc = 2ROC tan γ, one can infer the mo-
saicity to be γ = 1.3◦. This is larger than specified by the
supplier, possibly due to the fact that the ≈17 keV x-rays
probe rather deep layers in the HOPG crystal. To extract
the calibration spectrum in first diffraction order we inte-
grated the full signal, taken into account the curvature of
iso-energy contours as apparent for the Cu He-β doublet,
which is in agreement with our raytracing model. After
subtracting the second order continuum, we corrected the
spectrum with respect to the filter transmission (889 µm
Al, 772 µm Polycarbonate, 300 µm Kapton), and for the
change in dispersion and collection angle as function of
energy. The resulting spectrum is shown in Fig. 3. The
most prominent lines are the Cu He-α (8.347 & 8.392
keV) and Zn He-α (8.950 & 8.999 keV) lines along with
a pronounced doublet at 9.75 keV which is assigned to Cu
He-β (9.862 & 9.875 keV) and a Li-like intercombination
line (9.748 keV). At the high energy edge of the spectrum
appears to be Li-like intercombination line (10.223 keV)
of Cu He-γ. The 1-3 transitions can be used to infer the
spectral resolution.
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